Background. Acute hematogenous osteomyelitis (AHO) demonstrates regional variability in incidence and severity. In this study, we evaluated seasonal variations of AHO and assessed the effects of weather trends on the occurrence and severity of illness in affected children.
The epidemiology of several infectious diseases seems to be driven by seasonal and weather dynamics [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . A study of bacterial meningitis identified a peak incidence during the dry season with a latitudinal trend toward a higher incidence during the winter [1] . Other studies have found seasonal patterns of community-acquired pneumonia, with a peak in pneumococcal disease in the winter in the United States and Moraxella catarrhalis infection in the fall and winter in the tropics [2-5, 8, 11, 14] . To this point, limited attention has been devoted to seasonal or weather trends as they relate to the occurrence or clinical severity of acute hematogenous osteomyelitis (AHO), which is more commonly caused by Staphylococcus aureus. Studies from New Zealand and Japan found a higher incidence of AHO during the summer, but their reports did not provide a detailed analysis of the associated weather dynamics [16] [17] [18] . The purpose of this study was to determine if a seasonal variation exists in the occurrence of AHO in children admitted to a tertiary pediatric medical center in a temperate climate in the southwestern United States. A secondary objective was to evaluate if weather trends between the time of symptom onset (as a surrogate for time of infection) and time of hospitalization are related to occurrence of the infection or the severity of illness in affected children.
a drainable abscess found with advanced imaging were taken to the operating room for surgical drainage. Children were included in the study if the hospital admission was within 3 weeks of symptom onset and the diagnosis of AHO was confirmed by advanced imaging; magnetic resonance imaging was supplemented with the positive identification of bacteria from either blood culture or culture of a sample obtained from the site of bone infection or with the clinical and laboratory responses to treatment with empiric antibiotic coverage (when no pathogen was isolated). Children were excluded if the infection was subacute or chronic in nature or the onset of symptoms was greater than 3 weeks before admission. Another exclusionary criterion was infection that was a consequence of previous surgery, injury with penetrating inoculation, immunocompromise, or treatment with immunomodulatory medications. Demographic data gathered included age, sex, ethnicity, race, and zip code at the time of admission. Additional data were collected to analyze the anatomic and spatial extent of the infection; this information included site of the primary AHO and contiguous or multifocal musculoskeletal infection diagnoses.
Severity-of-Illness Determination
Clinical and laboratory parameters were recorded to ascertain the relative severity of illness according to a previously published methodology (see Figure 1 ) [19, 20] . These parameters included C-reactive protein (CRP) level at admission, band percentage of the white blood cell count, CRP level 48 hours after admission, CRP level 96 hours after admission, number of febrile days on antibiotic therapy, intensive care unit admission, and the presence of disseminated disease (deep venous thrombosis, septic pulmonary embolism, pneumonia, endocarditis, or multifocal musculoskeletal infection). A severity-of-illness score (range, 0-10) was calculated for each child; severity was subcategorized as mild (0-3), moderate (4-7), or severe (8) (9) (10) .
Weather Data
The date of admission and date of symptom onset were recorded for each child with acute osteomyelitis. The date of symptom onset was used to subcategorize children according to the month and season of occurrence, and the year was divided into 4 meteorological seasons (spring, March 1 to May 31; summer, June 1 to August 31; fall/autumn, September 1 to November 30; and winter, December 1 to February 28/29). The dates of admission and symptom onset were used to gather weather data from the Weather History and Data Archive via its public-domain website (https://www.wunderground.com/ history/). These Weather Underground data are derived from the National Weather Service. The zip code of the family's residence at the time of admission was entered into the Web-based search engine. The following weather data were recorded for each child for the dates of symptom onset and admission: mean, high, and low temperatures (degrees Fahrenheit), mean, high, and low humidity (percentage), atmospheric or mean sea level pressure (inches), and dew point (degrees Fahrenheit at which water vapor condenses into liquid). To ascertain any change in weather that might have preceded the hospital admission, regardless of the direction of the change, the absolute value of the difference between weather parameters of the date of admission and the date of symptom onset was determined.
Data Analysis
Descriptive statistics were used to evaluate occurrence rates of AHO based on month and season, weather parameters at symptom onset and admission, and weather changes between onset and admission. The association of severity of illness with seasonal weather data was evaluated with Pearson and Spearman correlations. Categories of mild, moderate, and severe infection were analyzed using an analysis of variance with weather change and season as dependent variables. Statistical significance was defined as a P value of <.05. All statistical analyses were performed using SAS 9.3 (SAS Institute Inc., Cary, NC).
RESULTS

Study Population
Between July 1, 2012, and June 30, 2016, 248 children were evaluated and treated for AHO at Children's Medical Center of Dallas. Thirty-nine of these children were excluded from the study because they had subacute osteomyelitis (n = 16), AHO with an onset of symptoms more than 21 days before admission (n = 12), a history of trauma with suspected penetrating inoculation (n = 5), chronic osteomyelitis (n = 3), immunocompromise (n = 2), or recent treatment with an immunomodulatory medication (n = 1). The remaining 209 children with AHO were included in the study cohort. ; multifocal infection was identified in only 12 (5.7%) children. The most commonly identified causative organism was S aureus, which was isolated in 129 (61.7%) children. Twelve children were found to be infected with a clindamycin-resistant strain, and 11 of these strains were oxacillin sensitive. For 63 (30.1%) children, blood cultures were negative and no bone specimen was acquired. The decision was made to treat these children empirically with clindamycin. These children were followed to the point of complete clinical and laboratory resolution in an outpatient clinic by the senior author (L. A. C.). During the study period, 50% of the children with AHO had an initial positive blood culture. When surgery was performed on these children, cultures of bone were performed and yielded the same organism without discordance. For children who did not have a positive blood culture but who underwent surgery, all culture specimens were acquired from bone.
A spectrum of contiguous infections were noted among children, and some combination of osteomyelitis, septic arthritis, pyomyositis, and/or abscess was identified in all but 97 (46.4%) children who were found to have isolated unifocal AHO. The average severity of illness of the affected children was 3.2 ± 3.2 (range, 0-10).
Seasonal and Monthly Variations in Occurrence and Severity of Infection and Weather Trends
Children with AHO experienced symptom onset more com- Table 2 and Figure 2 . The most common month of symptom onset was July (29 [13.9%] ). Severity of illness followed a variable course with respect to frequency of occurrence on the basis of the month of symptom onset. The rate of symptom onset for AHO in the summer months among children with high disease severity was higher (12 [40%] of 30) than among those with mild disease severity (42 of [33%] 126). Overall, no significant difference in the average severity-of-illness score was found for children with AHO in any season (P = .785).
The average delay from symptom onset to date of admission was 5.0 ± 3.8 days (range, 0-21 days). Weather data from the dates of symptom onset and admission are provided in Table 3 and Figure 3 . The differences in weather parameters between the 2 dates were minimal. However, the absolute difference between weather on the date of symptom onset and that on the date of admission revealed substantial changes in temperature (hot to cold or cold to hot), dew point, and humidity (high to low or low to high). The average maximum temperature changed 8.1°F and the average minimum humidity changed 14.4% within an average of 5 days from symptom onset to admission.
Severity and Weather
Overall, there was no correlation between severity-of-illness score and weather parameters at the time of symptom onset (Table 4) . However, when analyzed according to season, the minimum temperature was found to significantly correlate negatively with severity of illness for children who had symptom onset during the summer (P = .020). In addition, we found trends in the mean temperature, average humidity, and maximum humidity toward significant correlation with severity during the summer season (P = .057, 0.053, and 0.064, respectively). The analysis of variance in which we compared severity of illness according to category (mild, 0-3; moderate, 4-7; and severe, [8] [9] [10] to the absolute value of the difference between weather on the date of admission and that on the date of symptom onset revealed a significant difference in the average humidity change for children with AHO who had symptom onset in the winter season. Table 5 shows that the average humidity change of 21.6% between symptom onset and admission for children with severe illness was higher than that for the children with moderate (6.4% change) or mild (14.2% change) disease severity (P = .020). No other significant differences were found between weather variables and severity of illness in any other season.
A separate comparison was made for seasonal presentation of culture-positive cases comparing S aureus (n = 129) with other pathogens combined (n = 9) and culture-negative/ no-culture-sent cases (n = 71) ( Tables 6 and 7 ). Seasonal variation was evident among the S aureus isolates, similar to that of culture-negative/no-culture-sent cases, presumably because most of those cases were likely caused by S. aureus infection, although it was not confirmed. We found no seasonal variation among the 9 nonstaphylococcal isolates. However, this difference was not statistically significant because of the small sample size.
Regarding severity of illness, we noted significant differences between children with a culture-positive staphylococcal infection and those with a nonstaphylococcal infection (P = .0153) and those whose culture tested negative or for whom no culture was performed (P < .0001). Children with a nonstaphylococcal infection did not differ significantly in severity of illness from children whose culture was negative or those for whom no culture was performed.
DISCUSSION
AHO in children is an evolutionary disease that can vary in incidence and severity on the basis of geographic location and microbiological epidemiology of the causative organism [21] [22] [23] [24] [25] [26] . The Kids' Inpatient Database (http://hcupnet.ahrq.gov/) of the HCUPnet has revealed an increasing incidence of osteomyelitis in the United States from 1997 to 2012 (from 7.9 to 10.5 per 100 000 children). During that time period, several investigators reported an increased incidence of infections caused by MRSA associated with a measurable increase in severity based on length of hospitalization, duration of antibiotic treatment, and increased need for surgery during treatment course [23, 24, 26, 27] . In contrast, a Finnish study group [25] reported less severe forms of osteomyelitis that were treated successfully with minimal or no surgery and a limited duration of antibiotic treatment. However, it should be noted that the investigation in Scandinavia involved a disease that is caused exclusively by methicillin-susceptible strains of S aureus. HCUPnet data also suggest that geographic differences within the United States exits; a higher incidence of osteomyelitis in the US Southwest than in the Northeast was reported. In 2012, 19.0% of osteomyelitis discharges occurred in the West South Central census bureau division, whereas the rate was 2.5% in New England, a difference that is reflected in the case volumes reported in the literature by comparably sized centers located within these different geographic regions [26, 27] . Such differences are difficult to explain without considering factors between these communities that vary widely, such as climate and weather. To our knowledge, no substantial effort has been made to study seasonal variation or the potential effects of weather or climate change on the incidence or severity of AHO in children. The results of our study provide the most detailed assessment to date of the potential effects of seasonal and weather dynamics on the occurrence or severity of AHO in children. Regarding the question of seasonal occurrence, the results of this study show a higher rate of AHO during the summer months, with a peak in July that corresponds to the highest average temperature within our community. This finding is consistent with those in the previous reports from New Zealand and Japan [16] [17] [18] . Approximately 35% of the children with AHO had a history of minor blunt trauma that involved the affected area. It is plausible that the increased activity levels of children during the warmer months of the year play a role in the higher rate of minor injury that can precede these infections. A unique finding of this study is the pattern of weather change that occurred within the time frame of symptom onset and hospital admission; we found an average maximum temperature change of 8.1°F and average minimum humidity change of 14.4%. Another important finding of this study is the correlation of a specific weather parameter (minimum temperature) in the summer and the weather change (average humidity) from symptom onset to admission in the winter, which were significantly associated with severity of illness among the children who were studied.
Elucidating the presence of seasonal variation and identifying possible mechanisms behind weather dynamics are challenging because of the complex interactions between the environment, the pathogen, and the host [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Children with AHO are generally healthy, and after appropriate treatment, the majority of them experience complete resolution without further episodes of deep infection. As a result, regional and seasonal variations of AHO occurrence and severity are less likely to be explained by differences in host immunity than differences in bacterial behavior and virulence. Evidence of bacterial genomic heterogeneity among MRSA isolates from children with AHO has been documented [28] . Other studies have found that bacterial behavior and the process of infection are potentially affected by environmental temperature [29] [30] [31] . However, it has yet to be determined whether the virulence behavior of these organisms can be provoked by climate differences or weather changes. The results of this study provide a foundation for considering the manner in which weather dynamics might play a role in influencing bacterial behavior that might lead to invasiveness and activation of the virulence cascade when prompted by environmental stress. This study has several limitations, including its retrospective design, its use of the date of symptom onset as a surrogate for the timing of onset of infection, the lack of a comparative study population, and the challenge of objectively stratifying AHO disease severity. The limitations of retrospective study design were addressed by our use of an active registry of consecutive children with musculoskeletal infection who were evaluated and treated at Children's Medical Center of Dallas by a multidisciplinary team, which substantially minimized the possibility of including or omitting children who might have been categorized incorrectly by the diagnostic code assignment. Selection of the date of symptom onset as an approximation of disease onset was carefully considered. After chart review, it was apparent that the date of symptom onset was unambiguous in all 209 children who were included in the final study cohort. In each case, the family articulated the precise date of symptom onset. Given that the average delay from onset to admission was only 5 days, we believed this date to be an acceptable surrogate for onset of infection and did not require further speculation about how long it might take from invasion of the bacteria to the onset of symptoms. Had we used weather conditions 3 to 5 days before symptom onset, the results of this study might have changed. Perhaps future investigations of this phenomenon should sample data preceding the onset of symptoms as a form of sensitivity analysis. We considered the lack of a comparative study population to be beyond the scope of this study because of its feasibility. However, a thorough analysis would consider all weather data from the numerous zip codes of the families studied to ascertain how frequently similar weather trends or changes developed without leading to an occurrence of AHO or affecting its severity. Last, severity-of-illness scoring for children with AHO is a complex consideration that was carefully studied and refined to the best of our ability [19, 20] . An objective categorization of disease severity was essential for addressing the questions that were central to this study. Although other studies suggested that severity of illness is measurable and based on objective parameters, they did not provide a measurement or scoring framework [24, 27] . In this study, we used the only published and validated severity-of-illness scoring instrument currently available for children with AHO as a reasonable framework for this purpose [19, 20] . However, numerous factors (eg, variation in the treatment considerations, bacterial virulence factors, and the potential for an unrecognized genetic predisposition that can lead to susceptibility or severity) could play a role in the evolution of these infections.
This study was prompted by the clinical experience of the investigators who have noted trends of increased rates of musculoskeletal infection after weather changes in our community. There has been a perception that fluctuation in local weather conditions seemingly precedes a higher rate of hospital admissions of children with AHO regardless of the season. Therefore, the methods used in this study were chosen to assess weather dynamics in proximity to the child at the time of disease onset. Our findings support the hypothesis that seasonal variation exits in the occurrence of AHO in children in a temperate climate in the southwestern United States. The details and methods provided in this study can serve as a framework for investigators in other communities to comparatively study their local population of children with AHO. The P* value was based on a Kruskal-Wallis test followed by Mann-Whitney test for 2 groups. Multiple comparisons were not adjusted.
